In this paper, the problem of finding optimal paths in mobile ad hoc networks is addressed. More specifically, a novel bicriteria optimization model, which allows the energy consumption and the link stability of mobile nodes to be taken into account simultaneously, is presented. In order to evaluate the validity of the proposed model, a greedy approach is devised. Some preliminary computational experiments have been carried out, in a simulation environment. The numerical results are very encouraging, showing the correctness of the proposed model. Indeed, the selection of a shorter route leads to a more stable route, but to a greater energy consumption. On the other hand, if longer routes are selected the route fragility is increased, but the average energy consumption is reduced.
Introduction
Owing to the rapid progress of wireless and mobile communications, mobile ad hoc networks (MANETs, for short) have become very popular in the last few years.
An ad hoc network is defined as a collection of mobile and wireless devices that cooperatively form a temporary and self-organizing network, without the need for underlying infrastructure or centralized administration.
Indeed, communication between mobile nodes inside the network is wireless and all mobile devices behave as an endpoint or as a router, forwarding messages to nodes within radio range, according to the network needs.
MANETs are very flexible and suitable for several types of applications. Besides in the domain of military applications, the deployment of mobile ad hoc networks can be also useful in disaster recovery, exploration, law enforcement, sensor networks and for multimedia applications. However, the design of ad hoc networks is a difficult task because of the continuous change of network topology. In this context, a critical issue concerns the effective routing of packets to destinations.
In this paper attention is focused on two of the main characteristics of a MANET that should be taken into account for choosing the best route: the limited energy budget and the random movement of mobile nodes.
Energy represents an important resource that needs to be preserved in order to extend the lifetime of the network; on the other hand, the mobility of the nodes impacts on the protocols performance over ad hoc networks. In particular, mobility changes network connectivity and it can reduce the stability of the link, degrading the performance of the routing protocols.
Thus, it is evident that both the aforementioned parameters (i.e., link stability associated with the nodes mobility and energy consumption) should be considered in designing the protocols.
In the scientific literature, a wide number of metrics accounting for the path selection have been proposed, but they have mainly focused only on a specific aspect of energy or mobility. Very few works have been addressed to joint metric use, which accounts for energy consumption considering the link property associated with the nodes mobility.
On the basis of the previous considerations, the main aim of this work is to propose an optimization model for routing within a mobile ad hoc network. The model attempts to simultaneously minimize the energy consumption of the mobile nodes and maximize the link stability of the transmissions, when choosing paths for individual transmissions.
It is worth observing that minimizing energy consumption leads to the selection of a route with a greater number of hops, while maximizing the link lifetime of a path leads to the selection of a shorter route (i.e., a route with a lower number of hops). Consequently, in order to take into account the energy consumption and link stability of mobile nodes, a biobjective integer programming model has been developed.
The validity of the proposed mathematical model is evaluated experimentally, by considering a simulation environment, which allows the simulation of the wireless communication and interaction between the nodes of a MANET.
The sub-optimal solution found by the greedy approach, on which the simulator is built, is compared with the optimal path determined, at given instants of time, by using the software package LINGO [1] .
The rest of the paper is organized as follows: the next section gives a brief overview of the existing protocols that account separately for the energy resource and mobility and path stability. The mathematical formulation of the problem under investigation is reported in Section 3; Section 4 gives preliminary simulation results that confirm the validity of the proposed mathematical model; finally, conclusions are drawn in Section 5.
Related work
In this section, a brief description of the routing protocols is given. Attention will be focused on the protocols which separately account for the energy reserve and the link stability of mobile nodes and that appear to be representative of the literature. A review of the published works, where energy and link stability are considered simultaneously is also presented.
Energy reservation based routing
In the literature, the protocols that account for the energy consumption are classified into two main categories: network layer and MAC power-saveprotocols [2] .
Both of these protocols try to take advantage of the permanence of mobile nodes in the sleep modes, without considering energy associated with the transmission. This latter aspect is taken into account by power and energy control techniques, which can be included in the protocol for path selection.
For example a distributed power control has recently been proposed in the literature as a means to improve the energy efficiency of routing algorithms in ad hoc networks [3] . Each node in the network estimates the power necessary to reach its own neighbors, and this power estimate is used both for tuning the transmission power (thereby reducing interference and energy consumption).
Two main techniques are applied to reduce the energy consumption in a network with variable topology: Topology Control (TC) and Minimum Energy Routing (MER) [4] [5] [6] .
The main goal of the first approach is to reduce the power transmission range, maintaining the connection of mobile nodes and minimizing the total power spent in the overall network. This technique tries to reduce the number of packets involved in the exchange of control packets and to decrease the number of collisions at the MAC layer reported in the traffic exchange.
The latter, instead, focused on the minimization of the energy consumption to send a packet from a source to a destination. In a basic model, the power and, consequently, the energy is a function of the distance between two nodes involved in the communication. In particular, the formula (1) is applied:
where P minij indicates the minimum power dissipated to transmit from node i to j, whereas d ij represents the distance between i and j.
Another two techniques for path selection have been proposed in the literature, that is the max-min routing and the minimum cost routing [7, 8] .
The former is based on the maximization of the residual life-time on the selected path. The latter, instead, selects the link that minimizes the overall cost to send a packet from a source to a destination. In this context, the lower the residual energy of the transmitting node, the higher the cost associated with a link.
Movement based routing
Given the random nature of the node movement, the only existing approach to define the probability of link stability time, considering exclusively the link stability concept associated with the node movement, is based on statistical prediction [9, 10] .
A formal model to predict the lifetime of a routing path, based on the random walk mobility and on the prediction technique, was proposed in [11] . It considers a probabilistic model derived through the subdivision into cells of the area where mobile nodes move and on the observations of node movements in these cells. Transition probabilities are calculated and a state-based model of the movement among the cells is considered. Each connection between a mobile node in a cell and the other mobile nodes among its neighbor cells is considered as the state of the wireless link. In this way, the wireless link dynamic is determined between a mobile node and its neighbors, permitting the calculation of the link lifetime. After this, through the assumption of independent link failure, the route breakage probability is derived. More details can be found in [11] .
There have been many papers published over the last few years where the link stability probability is determined by considering the signal stability [8, 12] .
More specifically, given a link between two nodes, the signal intensity received by the receiver is measured and if it decreases the probability of link breakage increases. However, this approach is not always correct, because it implicitly assumes that the signal strength is associated only with the nodes distance, without considering the environmental conditions, where the mobile nodes move. This determines many fluctuations in the radio signal measurement, producing erroneous considerations on the link stability.
Other techniques rely on the use of special devices, such as the Global Positioning System (GPS), to detect the exact position of the mobile nodes [5] . Each node can calculate its position and a protocol, which disseminates or requests the position for the other nodes, is applied. This approach is also criticized, because in some environments, such as indoors or where the mobile nodes are greatly limited in energy, the GPS is not applicable.
Another recent approach is based on the current link age computation and on its use for inferring the residual link lifetime [13, 14] . This latter approach is not associated directly with the GPS and with the changing environmental conditions, but it is based on the monitoring of the links lifetime of the mobile nodes in the wireless network, in the past and in the present, to predict its behavior in the future.
The path stability, in terms of the number of route transitions a routing protocol incurs to continue the data exchange between a particular source-destination (s-t) pair, is considered in [15] . End-to-end delay of an s-t session is another considered performance metric, particularly for real-time applications. In this work, the idea of stability-delay trade-off (SDT) -as a measure of the efficiency of a MANET routing protocol has been introduced.
According to the paper of Gerharz et al. [13, 14] , in the last few years, five different metrics, for stable path selection, have been proposed in the literature: the first technique is based on the local choice of the oldest link as the more stable link; the second class of metrics concerns the selection of the youngest links, because they are considered more resilient to breakage; the third criteria is based on the selection of the link with the highest average residual lifetime value; the fourth ones makes selection of the link with the highest persistence probability; finally, the fifth metric focuses on the connection failure probability.
After applying one of the aforementioned metrics, a heuristic, based on the local knowledge of the neighborhood, is applied. Following this heuristic the next hop toward destination is selected among the neighbor nodes that maximize (minimize) the joined link-stability-energy metric.
This local criteria permits a high scalability to be offered to the routing algorithm in terms of state info storage and control packet transmission sent by any underlying routing protocol to maintain the network state knowledge.
Mixed movement-energy based routing
There are few multiple metrics aware routing protocols, over distributed wireless systems, in the literature. However, in the context of novel distributed wireless systems and multimedia applications, where the system complexity is increasing, the possibility of controlling and evaluating more network parameters becomes an important issue. Sometimes, protocols that are developed to improve a specific metric can degrade other network parameters too much and this is not suitable in the view of an optimized wireless system. For example, increasing power transmission of a transmitter can increase the delivery ratio reducing the bit error rate (BER) at the receiver, but it can also reduce the lifetime of a portable device. In this context, the use of multi-objective formulation and multiple metrics plays a crucial role.
However, to the best of our knowledge, only two published works consider simultaneously link stability and energy consumption for path selection, which is the focus of this study (i.e., [16, 17] .
Specifically, a routing protocol called PERRA (power efficient reliable routing protocol for mobile ad hoc networks) was proposed in [16] . This algorithm applies the following three metrics for path selection: (1) the estimated total energy to transmit and process a data packet; (2) the residual energy; (3) the path stability.
Route maintenance and route discovery procedures are similar to the dynamic source routing (DSR) routing protocol [18] , but with the route selection based on the three aforementioned metrics.
Differently from these authors, our algorithm is not based on an on-demand behavior such as ad hoc ondemand distance vector (AODV) or DSR [19] . In particular, in the proposed approach, a source node does not broadcast a route request in the network to find a path toward destination, as both AODV and DSR do, but instead it simply selects the neighbor node, offering the best metric value toward destination. In this way, only a local knowledge of the neighborhood is required, in the same way as happens in the position-based routing algorithm. It is important to note that the drawback to this approach is the lack of topology information, which can determine a sub-optimal solution. However, since the proposed strategy makes use only of local information to forward data packets toward destination, its main advantage is the increased network scalability, which often works as the major constraint for the deployment of large and dense wireless ad hoc networks [20] .
The metrics considered in this paper are slightly different from those presented in [16] . Specifically, the proposed stability metric is based on the expected residual link lifetime, whereas the one reported in [16] is defined by considering only speed and coverage radius. Consequently, our approach proves to be more robust in a mobility scenario, where more trajectories can be followed by the mobile nodes. As far as the energy metric is concerned, our approach, like the one presented in [16] , takes into account the residual energy for node selection. However, in the proposed strategy, additional information related to the stability are used, when choosing among neighbor nodes, characterized by the same residual energy value (for more details see Section 3.1).
In [17] , the trade-off between path stability and energy consumption of routing protocols over MANET is investigated. Some routing protocols that account for stability metric such as associativity based routing (ABR), flow-oriented routing protocol (FORP) and route-lifetime assessment based routing protocol (RABR) are considered. The author evaluated the energy consumption of these protocols. However, in [17] no novel metric is proposed and the path selection is performed by considering only the route stability metric.
Problem formulation
In order to formulate the problem of selecting the best path between a given pair of nodes, accounting for energy consumption and link stability, the wireless ad hoc network is modeled as a directed graph G ¼ ðN; AÞ, where N is the set of the nodes and A is the set of the links ði; jÞ with i, j belong to N.
N i denotes the neighborhood of node i, which is the set of all nodes that can be reached by node i with a certain power level in its dynamic range, that is, N i ¼ fj 2 N j d ij 6 r i g, where r i represents the transmission radius of node i. It is assumed that link ði; jÞ exists if and only if j 2 N i .
S denotes the source node, whereas D represents the destination node. It is assumed that the history of the node mobility is used in order to infer the probable traveled distance. Indeed, for each pair of nodes i and j, the availability of the set O ij , which contains the observations of the link distances d ðlÞ ij , l ¼ 1; 2; . . ., during a given time interval T ¼ ½t 0 ; t 1 ; . . . ; t k . Given O ij , the average traveled distance between the node i and j at time t ¼ t k þ Dt k , with small values of Dt k is defined as follows:
It is worth observing, that in the development of our proposed mathematical model associated with energy consumption and link stability, a deterministic model of the transmission/reception energy consumption was applied without considering the presence of obstacles or non-homogeneous conditions in the communication among mobile nodes.
Energy considerations
In our study, it is assumed that each wireless node has the capability of forwarding an incoming packet to one of its neighboring nodes and to receive information from a transmitting node. In addition, each node is able to identify all its neighbors and to be identified as a neighbor by another node if it is located in the transmission range of the last one. To this aim, it is assumed that each node does not enter in stand-by mode.
Even if every activity of the mobile node determines power consumption, only the transmission and the reception operations are accounted for in the proposed model. Indeed, the power dissipated by mobile nodes to exchange beaconing messages and/or to remain always in active modality is not considered.
In the proposed model, the power dissipation is determined by considering both the power consumption at a transmitter P ij ðtÞ and the power consumption at a receiver Q ij ðtÞ.
In particular, the transmission power is modeled as follows [2, [6] [7] [8] 21] :
where P ij ðtÞ represents the power dissipated to transmit at a given instant of time t and f ij is the rate of the data stream sent from node i to j. The coefficient c ij represents the power consumption cost per bit associated with the link ði; jÞ and it is modeled as follows:
where a is a distance-independent parameter accounting for the network characteristics; n represents the path loss index and 2 6 n 6 4 [2,6-8,21]; d ij denotes the last observation of the distance between node i and node j; b is a coefficient associated with the distance-dependent term, which has been defined in such a way as to take into account the reciprocal movement among nodes. In particular,b was modeled as follows:
where d ð0Þ ij represents the distance between node i and node j observed at the first time t 0 , when the link is formed for the first time, d avg ij is the average traveled distance between nodes i and j at time t, whereas b is the parameter traditionally associated with the physical distance between nodes in static networks [2, 6, 8] .
The power wasted in the reception is movement and time independent and it is modeled in the following way:
where q represents the energy dissipated to receive one bit of information. In our model, it is assumed that q is constant and equal for every node.
It is important to point out that, starting from node i, the generic non-destination neighboring node j 2 N i can be selected if and only if both the following conditions are satisfied:
(a) j has enough energy to receive the information sent from node i, (b) j is able (in terms of energy) to transmit the information toward another relay node.
In order to guarantee that the conditions (a) and (b) are satisfied, two constraints have been introduced in the proposed model.
Let T ij be the time required to send a packet of information from node i to node j and let E resi denote the residual energy of the node i 8i 2 N, the first constraint is stated as follows:
where d is a parameter between 0 and 1 (i.e., 0 < d < 1), that has been introduced to avoid the selection of a node for which the energy required to receive a message is equal to its residual energy. In particular, condition (7) underlines that the power dissipated by each non-destination node j 8j 2 N such that ði; jÞ 2 A, to receive the information sent from a transmitting node i must be less or equal to the ðd Â 100Þ% of the residual energy E resj .
In other words, it is assured that, after reception, at least ðð1 À dÞ Â 100Þ% of the energy is available to transmit the packet towards the destination.
It is also important to guarantee that node i is able to send the information towards a neighbor j without going down. Indeed, the following constraint has to be satisfied:
Constraint (8) means that the energy to transmit the information from node i toward node j should be lower or equal to the residual energy of i-th node. It is assumed that the residual energies are known parameters. The choice of a neighbor node by considering only transmission and reception power is not adequate to guarantee the correct management of a MANET, for two main reasons. First of all, this strategy can lead to always selecting the links with the minimum value of the dissipated power, that is, the shortest links. However, the shorter the links selected, the higher the number of hops and the number of messages exchanged among all mobile nodes.
Secondly, it can lead to always selecting the same nodes (i.e., the ones that are the extreme of the links that are characterized by a low value of transmission and reception power), with a consequent non-uniform energy consumption among all the nodes of the network.
In order to overcome the aforementioned drawbacks, it is necessary to take into account not only the power dissipated to receive and/or send information, but also the residual energy of the node.
To this aim, given a generic instant of time t, the coefficient PR j ðtÞ 8j 2 N, has been defined as follows:
where E ð0Þ j represents the initial energy of node j. In particular, PR j ðtÞ 8j 2 N represents the propensity of node j to receive information from another node, given its residual energy E resj at time t.
From the definition of the propensity of a node (see Eq. (9)), it is evident that if, at time t, the node j has never been used PR j ðtÞ is equal to one; on the other hand, a value of PR j ðtÞ < 1 means that node j has already transmitted and/or received information and, thus, it is less favorable to receive information.
The propensity PR j ðtÞ is used, in conjunction with the power transmission P ij ðtÞ, to define the coefficient m ij ðtÞ that is used in the first objective function of the proposed model (see, Section 3.3), to characterize a node from an energetic point of view.
More specifically, m ij ðtÞ can be represented as follows:
m ij ðtÞ ¼ P ij ðtÞ PR j ðtÞ 8ði; jÞ 2 A: ð10Þ
For each link ði; jÞ 2 A and for each instant of time t, the coefficient m ij ðtÞ has been defined as the ratio between the power P ij ðtÞ dissipated to send information from node i toward to node j and the propensity PR j ðtÞ of node j.
The rationale of defining the coefficient m ij ðtÞ as in Eq. (10) is that the objective function (see, Section 3.3) has to be minimized. In addition, the higher the value of PR j ðtÞ, the higher the propensity of node j to receive information, whereas, the higher the value of P ij ðtÞ, the lower the advantage of selecting node j.
Link-stability considerations
To enable mobile devices to make smart decisions in relationship of the stability, a practical method, based exclusively on observations related to the link, in previous time instants, is used.
As a result, this analysis produces an evaluation of the residual lifetime of the link, since the stability of a link is given by its probability of persisting for a certain time span [14] .
It is worth noting, that this approach is not associated with any particular mobility model (i.e., the considered link stability metric does not depend on mobility model parameters such as mobile nodes speed, direction change frequency, pause time, etc.) and, thus, it is absolutely general.
In addition, the main purpose is not to predict exactly the residual link lifetime of each link, but to decide which of several links are stable, meaning they are most likely of all to stay available for some period of time.
A link is considered to be established when two nodes have reached each other's transmission radius and it is considered broken when their distance exceeds the transmission radius.
By following the strategy outlined in [14] , in the proposed mathematical model, the expected residual lifetime R ij ða ij Þ of a link ði; jÞ of age a ij , is determined from the collected statistical data as follows:
where A max represents the maximum observed age of the links and d is an array of length A max þ 1 used to store the observed data.
In particular, d is determined through a sampling of the link ages every fixed time interval and its generic component d½a represents the number of links with age equal to a.
The coefficient R ij ða ij Þ (see Eq. (11)) is defined as the ratio between the sum, on all links with age equal or greater than a ij , of the products of the age a and the number of links with age equal to a (that is d½a), over the total number of links with age greater or equal to a ij .
The main disadvantage of using the coefficient R ij ða ij Þ for path selection is related to the fact that it does not allow discrimination among links of the same age.
In order to overcome this drawback, the average traveled distance d avg ij should be taken into account. The rationale is that if two links have the same residual lifetime, a shorter average distance is preferable to a longer distance in terms of link stability.
This adjustment surely affects the metric's ordering of the links. However, this issue is neglected here, since the number of ordering operations is associated with the interval time Dt and it does not affect the performance of routing protocols too much. Indeed, the transmission and reception operations, associated with data and control packets, are more computational expensive in comparison with the operations associated with the links ordering. This is particularly true in the case of MANETs, for which the node density, defined as the number of neighbor nodes, is very limited (i.e., ranging between 5 and 10) even in the case of very high density networks [22] . For this reasons, this work does not take into account the number of reordering operations of links with different expected residual lifetimes.
On the basis of the previous considerations, the stability of the link ði; jÞ 8ði; jÞ 2 A, at time t, has been represented by the coefficient n ij ðtÞ, defined as follows:
where k is a scaling factor, defined in such a way that the link stability can be compared to the energy consumption. The coefficient n ij ðtÞ defined in Eq. (12) can be interpreted as a reciprocal measure of the stability. It has been defined in this way for the following reasons. First of all, it is assumed that the second objective function of the proposed mathematical model has to be minimized (see Section 3.3).
In addition, the higher the residual lifetime of a link, the higher the reliability of the link. Finally, the higher the average traveled distance between two nodes, the higher the likelihood that their distance exceeds the transmission radius and the link breaks up.
The mathematical model
Let x ij denote the binary variable associated with the link ði; jÞ 8ði; jÞ 2 A that is set to one if the link belongs to the path and zero otherwise.
The problem of selecting the best path (in the Pareto sense [23] ) connecting node S to node D, accounting energy consumption and link stability can be mathematically stated as follows: 
subject to x ij Á T ij Á P ij ðtÞ 6 E resi 8ði; jÞ 2 A; ð15Þ
x ij À X fj:ðj;iÞ2Ag 
The problem of finding an optimal path in a MANET was formulated as a bicriteria constrained optimal path model [24] , which turns out to be intractable. Indeed, the number of efficient solutions may be exponential in the problem size, thus prohibiting any efficient method to determine all efficient solutions [25, 26] .
For this reason, by following a popular approach used to deal with multi-objective optimization problems [23, 27] , the model (13)- (18) has been transformed into a single objective one, using arbitrary importance factors for each criterion (i.e., p 1 and p 2 ) and combining the objectives into a single function to be minimized.
The resulting single-objective problem, in which a positively weighted convex sum of the objectives has to be minimized, can be represented as follows:
subject to the constraints (15)- (18) . Parameters p 1 and p 2 are chosen such that the condition p 1 þ p 2 ¼ 1 is satisfied. It is easy to prove that the minimizer of the combined function (13) is Pareto optimal [23] . The user should choose appropriate values for the parameters p 1 and p 2 . Indeed, by minimizing the convex sum of the objectives for various settings of the convex weights, it is possible to determine various points in the Pareto set. This approach gives an idea about the shape of the Pareto surface and allows information to be obtained about the trade-off among the various objectives [23, 27] .
It is important to note that the proposed single-objective model can be used to address many applications, with different QoS constraints. For example, for applications in which more relevance is given to energy saving, more importance could be given to the energy weight p 1 (i.e., p 1 >> p 2 ), whereas for applications, where it is important to reduce the link breakage and the queuing delay, more importance could be given to the stability weight p 2 (i.e., p 2 > p 1 ).
Computational experiments
Computational experiments were carried out with the aim of investigating the validity of the mathematical model presented in the previous section.
In this respect, it is worth observing that the considered single-objective problem is an integer mathematical programming model and thus finding its optimal solution in real time for packet routing is not realistic.
For this reason, a heuristic approach to find a sub-optimal solution was devised. In order to describe, the proposed algorithms it is important to point out that, two main different strategies can be followed to determine how to forward packets in a MANET: source routing and hop-by-hop routing approaches [18, 19, 28] .
In the first strategy, the routing decision is made at the sender and the packets are delivered on an a-priori selected path. In the second approach, the routing decision is made at each intermediate node. In this case, the only available routing information is the next-hop, and each node, independently and locally, selects one of its neighbors to forward a packet, to be delivered to the destination.
A greedy search heuristic [29, 30] was proposed, which is based on a hop-by-hop routing strategy. More specifically, the routing path is built up node by node, always choosing the best next node which makes progress toward the destination and for which the objective function (22) is minimized.
The decisions are made locally and independently by the other nodes, without taking into account the choices made in the past, which cannot be modified.
It is worth observing that, using the objective function (22) as a metric and choosing the values for the parameters p 1 and p 2 in an appropriate way, would allow the routing algorithm to select links that present the optimal trade-off between low transmission/reception energy consumption and high link stability.
The hop-by-hop routing scheme was simulated using a discrete-event simulator, that was developed and implemented for this task.
The implemented simulator allows not only node movement to be simulated, but also simulation of the nodes' ability to obtain the communication link, the choice of the next hop and the packets transmission/ reception.
In order to evaluate the quality of the sub-optimal solution determined by the greedy approach, a source routing strategy was also considered. In particular, the optimal path, between a given source-destination pair, has been determined by solving the single-objective problem with the state-of-the-art software package LINGO 8.0 [1] .
To this aim, it is important to observe that the simulator determines a sequence of snapshots of the MAN-ET's configuration, each of them corresponding to a specific instant time of the discrete planning horizon.
Each of these configurations is given in input to the software LINGO, that determines the global optimal path by considering the specific characteristics and topology of the MANET, at a given instant of time.
Simulation results and analysis
The simulator was implemented in C++ and all the experiments carried out on an Intel Pentium Centrino 1.4 GHz, 512 MB RAM, under the Microsoft Windows XP Professional operating system.
A simulated network with 100 nodes is considered and the random way point mobility scheme [18, 19 ] is employed to model the node movement.
More specifically, at the beginning of the simulation, the nodes are randomly placed on a simulation area. Each node picks a random destination on the area and moves there at a random speed, uniformly chosen from a predefined range. Having reached the destination, the node pauses for a random time (3 s).
The computational results were collected by considering three different speed ranges (i.e., SR 1 , SR 2 , SR 3 ). The initial energy values of mobile nodes are set equal to 1150 KJ. The traffic simulated is a constant bit rate (2 Mbps) with 200 connections. In each connection, the source sends 64 Kb data packets. Each simulation lasts 1000 s, after a 1800 s warmup.
The sampling time for the link age was fixed to 5 s and a vector d½a of 100 elements was considered.
A list of the other simulation parameters' values is given in Table 1 . Simulation results were collected for different values of parameters p 1 and p 2 , transmission range r and time interval Dt.
Given the random nature of the considered mobility model, the results of each simulation were considered as independent and identically distributed random variables ðX 1 ; X 2 ; . . . ; X n Þ, with finite mean. Simulation was repeated, i.e., the value of n was varied, to obtain an estimation with a 95% confidence interval, by using the following definition:
where t nÀ1;0:95 is the upper 0:95 critical point for Student's t distribution with n À 1 degrees of freedom, X ðnÞ is the sample mean and S 2 ðnÞ is the sample variance. In the computational experiments, n ¼ 10 was set to have an estimation with a 5% confidence interval.
Performance measures of average number of hops per path, energy consumption and retransmission are computed to analyze the validity of the proposed mathematical model.
The average number of hops per path is an indication of the path length. Energy consumption was evaluated by considering the average variation of the energy value. In addition, in order to verify whether a uniform energy consumption is obtained among all mobile nodes, the deviation of the effective energy value of the nodes involved in the communication with respect to the average variation of the energy value is also determined. Retransmission is defined as the percentage ratio of the number of data packets, that, owing to the link breakage, have to be retransmitted, with the respect to the total number of transmitted data packets.
Path length
The average path length, as depicted in Fig. 1 , is presented for two different p 1 values (i.e., p 1 ¼ 0:1 and p 1 ¼ 0:9) and decreasing time interval's width Dt.
It is possible to observe the decreasing value of the average path length for decreasing value of the time interval's width Dt. This is owing to the more precise stability index calculation that permits more effective stable paths to be selected. The choice of more stable paths leads to the selection of shorter routes.
In particular, Dt = 5 s can be considered as a threshold value for the time interval's width, because below this value, the path length is not further reduced. Fig. 1 shows also that the average path length is higher for p 1 ¼ 0:9, because more importance is given to the energy index in the path selection.
In Fig. 2 , the average path length for two different transmission ranges (i.e., r = 20 m and r = 50 m) and increasing p 1 values is presented. It can be observed that the higher the value of p 1 , the longer the path. On the other hand, the higher the value of p 2 , the lower the average number of hops per path.
This behavior can be explained, as in the previous case, by observing that the coefficient p 1 is related to energy consumption (see condition (22) ) and, consequently, if the value of p 1 increases, shorter links (i.e., longer paths) are selected. On the other hand, the selection of more stable route (i.e., higher value of p 2 ) determines the choice of a shorter path.
The transmission range also plays a role in the average path length, because for a higher transmission range (i.e., r = 50 m) the number of nodes between source and destination is reduced, such as depicted in Fig. 2 . Fig. 3 shows the average path length for increasing p 1 value and two different grid areas (i.e., 100 m Â 100 m and 1000 m Â 1000 m). As expected the average path length is higher for larger area sizes, where the mobile nodes can move. This is due to the more uniform distribution of mobile nodes in a larger area. In addition, a slight improvement of our algorithm was noted when a small grid area is considered (i.e., 100 m Â 100 m). This is probably due to the lower possibility of selecting a longer path, when higher p 1 values are taken into account. Indeed, small grid areas imply lower node distribution, higher density (if the number of nodes is the same) and shorter route.
The difference between the two grid sizes is more accentuated when the stability index p 2 becomes significantly lower than the energy saving index p 1 .
As far as the analysis of the path length variations under different mobility scenarios is concerned, the computational results collected have underlined that the speed range does not influence the average number of hops per path. Thus, for the sake of brevity, the related results have not been reported here.
In order to compare the source routing and the hop-by-hop strategies, the global optimal path determined by Lingo has been compared with the local optimal path followed by a packet to reach the destination, during the time interval Dt, between two subsequent different snapshots.
In particular, in Figs. 4-6 the average path length of the solutions determined by Lingo is compared with the average number of hops of the paths determined by the greedy approach, when different scenarios are taken into account (i.e., different time interval widths see Fig. 4 , transmission ranges see Fig. 5 and grid areas see Fig. 6 ).
It is evident that both the Lingo and Greedy solutions have comparable performance. More specifically, when different time widths are considered and p 1 ¼ 0:1, on 4/5 of the cases (see Fig. 4 ), the paths determined by the greedy approach have the same number of hops as the solutions determined by Lingo. In addition, the worsening of the solution quality is limited (i.e., 11.11%). On the other hand, when more importance is given to the energy index (i.e., p 1 ¼ 0:9), on 3/5 of the cases, the global optimal solutions are better than those determined by the greedy approach and, on average, the worsening in the solution quality is equal to 13.69%. Similar behavior was observed when different transmission ranges and grid areas are considered (see, Figs. 5 and 6) Indeed, the average percentage error of the solutions determined by the greedy approach with respect to the global optimal paths is equal to 8.19% and 8.26%, by varying the transmission ranges (see, Fig. 5 ) and the grid areas (see, Fig. 6 ), respectively.
Energy consumption
In Figs. 7-9, the average energy consumption for different values of the parameter p 2 is reported, by keeping fixed the time interval width Dt.
From the computational results collected, it is evident that energy consumption is not influenced by the time interval width Dt (i.e., roughly the same behavior is obtained for different choices of the parameter Dt). In addition, it can be observed that the energy consumption increases as the speed values and the parameter p 2 , associated with the stability term n ij , are increased. This is mainly owing to the selection of a more stable route without balancing the residual energy consumption among overall mobile nodes.
This behavior is confirmed by the results collected in Table 2 , in which, for each time interval Dt and for each speed range, the number of nodes are shown that were included in at least one path during the simulation, by varying the value of parameter p 1 . The results of Table 2 underline that the higher the parameter p 1 , associated with the energy consumption term m ij , the better the balancing of the residual energy consumption among the mobile nodes. More specifically, for p 1 ¼ 0:9, on average more than 86% of the nodes are involved in the communication, whereas in the case of p 1 ¼ 0:1, the percentage of the utilized nodes reduces to 69%, on average. From the simulation results collected in Table 2 , it is also evident that the lower the speed range (i.e., SR 1 ), the higher the influence of the p 1 parameter value on the balancing of the residual energy consumption among the mobile nodes. On the other hand, when medium and high mobility scenarios are considered (i.e., SR 2 and SR 3 ), the value of the parameter p 1 influences the energy consumption very little, since the mobility itself ensures a natural network balancing. The average energy consumption for increasing stability weight and different transmission ranges and grid sizes is presented in Figs.10 and 11 , respectively.
The computational results, reported in Fig. 10 , underline that a greater transmission range leads to the selection of shorter route, but the power spent to reach distant nodes is paid for by a higher energy consumption. Stability Weight p2 Average Energy Consumption (%) r=20 r=50 Stability Weight p2 Average Energy Consumption (%) grid 100x100 grid 1000x1000 The increasing stability weight p 2 leads to the selection of shorter routes, which offer more stability. However, also in this case, shorter routes, with greater distance between hops, lead to more energy consumption.
A similar behavior, related to greater energy consumption, is observed in Fig. 11 . Larger grid size determines a longer route. However, in this case a longer route, with the same power spent to reach the next hop, produces a greater energy consumption, because the number of hops involved in the communication is increased.
When the stability weight is changed, the effects are different. In particular, if less importance is given to the stability weight the energy consumption is lower, because longer routes are selected.
On the other hand, when the stability weight increases, shorter routes are selected by the routing scheme and energy consumption increases.
In Fig. 12 the average energy consumption versus energy weight p 1 is depicted. It is evident that for higher p 1 values the energy consumption is more saved for both 100 m Â 100 m and 1000 m Â 1000 m grids. Decreasing the p 1 value and giving more importance to stability, more energy is wasted, because the most stable paths are selected without balancing the energy consumption.
It is also possible to observe the lower consumption of energy when a smaller grid size is used. This is due to the lower number of nodes involved (shorter paths) to reach the destinations. The optimal solution (ideal case) is better than the solution found by our algorithm. However the gap between the solution found by greedy technique and lingo tool is very limited. 
Energy Weight p1 Average Energy Consumption (%)
greedy (1000x1000) lingo (1000x1000) greedy (100x100) lingo (100x100) 
greedy r=50m lingo r=50m greedy r=20m lingo r=20m Fig. 13 . Comparison of the average energy consumption of the local and global optimal solutions, for increasing energy weight and different transmission ranges. Fig. 13 shows the average energy consumption for different transmission ranges. In this case, energy consumption increases for lower p 1 values; this behavior can be explained by the same motivations introduced above. Moreover, the energy consumption is higher for longer transmission ranges; since more nodes are involved in the communication (receiving nodes) and this determines a greater energy dissipation.
Retransmission
The average retransmissions number of data packets for different values of the time interval Dt, two transmission ranges (r ¼ 20; 50) and p 2 ¼ 0:5 is presented in Fig. 14 and for increasing stability weight p 2 on x-axis is depicted in Fig. 15 .
The results reported in Fig. 14 clearly underline that a higher transmission range reduces the number of retransmissions. This behavior is due to the higher residual link lifetime that is observed and to the reduction of link breakage frequency that reduces the number of data packet retransmissions.
In addition, it is possible to note that, when lower transmission ranges are considered, a greater dependence of retransmissions on Dt values is experimented. This is mainly due to shorter link lifetime and, thus, to the need for faster re-computation of the metric, with a consequent re-ordering of links on the basis of the joint (stability-energy) metric. When a longer transmission range is considered, the values for Dt become a less critical issue, since the link lifetime increases. However, when the link dynamic is faster it is important to reduce the re-computation interval. The choice of optimal Dt values depends on the dynamicity of the network and on the characteristics of the application at hand and it is outside the scope of this work. Its investigation will be the subject of further study.
The high number of retransmissions (see Fig. 14) is due to the high traffic load (i.e., 200 connections), that saturates the wireless channel, producing a high number of collisions (we note that the underlying MAC pro- tocol is IEEE 802:11b). However, when higher stability weight values are considered, the number of retransmissions is reduced, because it is reduced the link breakage frequency. In this case the number of retransmissions is due mainly to the MAC layer collisions. The computational results reported in Fig. 15 highlight that, if a greater importance is given to the stability weight, a reduction in the number of retransmissions, due to link breakage, is obtained. This behavior seems not be influenced by the transmission range values r. However, for r = 50 m the lowest number of retransmissions is observed. This can be justified by motivations analogous to those introduced for the results of Fig. 14 .
The data packets retransmissions for different mobility scenarios are presented in Fig. 16 . The collected results clearly underline that the higher the mobility, the higher the number of retransmissions. This behavior is mainly due to the frequency of link breakage.
However, when more importance is given to the stability index a sensible reduction in the number of retransmissions is observed. On the other hand, when the mobility degree is low, the improvement of higher p 2 values are reduced in comparison with that obtained for higher mobile node speeds.
It is worth observing that, the comparison between greedy and optimal solutions is not considered, because data packet retransmission can be derived from average path lengths. Indeed, the average number of retrasmitted data packets is related to the route fragility. The more often a path is broken, the more often a data packet is retransmitted. Consequently, given the same node speed conditions, longer routes can determine higher route breakage probability than shorter routes.
Conclusions
In this paper, an innovative biobjective linear programming mathematical model, which accounts for the energy reserve and the link stability of mobile nodes, is proposed.
The main aim is to balance the opposite effects of an energy aware routing that tries to select longer routes and a routing algorithm that desires to find a more stable path through the selection of a shorter route.
In order to test the validity of the proposed model, a discrete-event simulator, based on a simple greedy routing approach (i.e., hop-by-hop strategy) was developed and implemented.
Many simulation campaigns were carried out in order to verify the impact of the critical parameter, such as the time interval width Dt, the stability and energy weight (p 1 and p 2 ), the transmission range r and mobile node speed, on the performance of the proposed routing scheme.
It was verified how the time interval is an important parameter, especially for the determination of more stable path, because a longer time interval, in which the stability and energy index are re-computed, can produce a bad choice of route owing to the unrefreshed node state info.
The stability index can be important in a situation where the mobility is high because it tries to reduce the link-breakage frequency with a consequent reduction of data packet retransmission. In the general case, balanced weight p 1 and p 2 (around 0.5) can offer a better trade-off when the mobility range is not so high (around 5-10 m/s), because the energy consumption and the link-breakage are limited.
The simulation results show that the time interval width D = 5 s can be considered an appropriate choice in order to select the best path, in terms of average path length with good performance also in terms of energy consumption and packets retransmissions.
In order to evaluate the quality of the sub-optimal solutions, determined by the greedy hop-by-hop approach, a comparison, with the global solution obtained by considering a source routing strategy, was carried out. The computational results collected by solving the single-objective problem, at given instants of time, have shown that the worsening in the solution quality is very limited.
It is worth observing that, besides the energy consumption and the link stability, other characteristics of a MANET (such as delay, QoS constraints, bandwidth, security) should be taken into account for choosing the best route. In this context, more complex mathematical models and solution approaches need to be devised. These topics are the subject of ongoing research.
